Smart technologies provide diverse and promising opportunities for reducing energy demand and greenhouse gas emissions; they are increasingly expected to shift modern societies' patterns of production and consumption towards sustainability. However, the existence of a theoretical potential does not imply that every smart solution (application of a smart technology) will actually contribute to sustainability. Policymakers therefore need methodologies for evaluating the sustainability of smart solutions. This paper gives an overview of the current discussion in the field and the emerging methodological challenges. The challenges of assessing the direct impact of the ICT components and infrastructures are special cases of known issues in life cycle assessment methodology. The challenges of assessing indirect impacts are inherently interdisciplinary and call for integrated modelling approaches. The last two sections provide an overview of the papers assembled in this thematic issue that treat specific cases and general principles of modelling and evaluating the sustainability of smart solutions.
Introduction
Making the world smarter by adding computing, sensing, and networking capacity to objects and infrastructures is a vision that emerged more than a decade ago from the field of ubiquitous computing. "Smart things" were envisioned with the ability to explore their environments and to communicate with each other, thus "enabling innovative products and totally new services to be developed" (Mattern, 2004, 155) . "Smart environments" were designed, "able to acquire and apply knowledge about [… their] inhabitants in order to improve their experience in that environment" (Cook and Das, 2007, 54) .
"Smartness" became a metaphor for the integration of Information and Communication Technology (ICT) in formerly passive products and infrastructures to make them more responsive and to give software more control over real-world processes. While this metaphor has been turned into daily reality in some cases -such as the smart label 1 and the smartphone -others are still far from everyday practice, such as smart grids (as defined in EFC, 2003) , smart cities (as defined in Caragliu et al., 2009 , see also Kramers et al., in this issue) , or smart sensor networks (as described in Weber, 2009 ).
This Accepted Author Manuscript is copyrighted and published by Elsevier. The final publication is available at Elsevier via http://www.sciencedirect.com/science/article/pii/S1364815214001029 Suggested citation: Hilty, L.M., Aebischer, B., Rizzoli, A.E. 2014 . Modeling and Evaluating the Sustainablity of Smart Solutions (Editorial), Environmental Modelling and Software 56, 1-5 2 Although every application of smart technologies is designed and deployed to solve a specific problem, there is a discussion about the general trend towards "smartness" (or "smart everything", Koomey et al., 2013) and its potential to solve the predominant problem of modern societies: shifting from unsustainable towards sustainable patterns of production and consumption. Laitner subsumes smart buildings, smart appliances, and smart grids under the generic concept of "smart energy solutions" (Laitner, 2010, 692) .
Seminal studies have pointed out the potential of smart technologies to contribute to the energy productivity of the US economy (Laitner et al., 2001 (Laitner et al., , 2009 , the abatement of greenhouse gas (GHG) emissions (GeSI, 2008 (GeSI, , 2012 at the national and global scales, and strategies of "green growth" (Mickoleit, 2010) , which the OECD defines as "fostering economic growth and development, while ensuring that natural assets continue to provide the resources and environmental services on which our well-being relies" (OECD, 2011, 4) .
Although there is evidence from these studies that ICT has a high potential to reduce the energy and material flows through today's economies overall -and thus to mitigate the pressure on ecosystems and slow down climate change -there is no guarantee that this will actually happen. Every specific smart solution may or may not be sustainable, depending on the size of its own environmental footprint and on the actual reduction of environmental impact it brings about by improving other processes. This may differ from the potential reduction because the theoretical potentials may materialize only under specific conditionsor may be compensated by other processes that are used more or enabled at all as a consequence of the specific smart solution. Assessing the sustainability of smart solutions usually requires accounting for the dynamics of complex systems and using multiple criteria in the methods of evaluation.
We hope that this thematic issue will contribute to the development of sound approaches to assessing the sustainability of smart solutions. The fundamental methodological challenges of such assessments will be addressed in more detail in Section 2 of this paper. Sections 3 and 4 will provide an overview of the papers assembled in this issue.
The idea for this thematic issue emerged at the first International Conference on Information and Communication Technologies for Sustainability (ICT4S), held in 2013 in Zurich, where the self-critical question "How do we know if this solution is really sustainable?" was addressed in many contributions . Some of the papers gathered in this issue are expanded versions of papers presented at ICT4S, others were submitted in response to the open call for papers.
Smart solutions -sustainable solutions?
In 2008, the Global e-Sustainability Initiative (GeSI), an association of over 30 leading ICT companies, published the "SMART 2020" study. This report estimated that the GHG emissions from the ICT sector will represent 3% of total global emissions by 2020, but that ICT will help other industries and consumers avoid 15% of predicted total global emissions (or five times its own footprint) by enabling "smart motor systems," "smart logistics," "smart This Accepted Author Manuscript is copyrighted and published by Elsevier. The final publication is available at Elsevier via http://www.sciencedirect.com/science/article/pii/S1364815214001029 Suggested citation: Hilty, L.M., Aebischer, B., Rizzoli, A.E. 2014. Modeling and Evaluating the Sustainablity of Smart Solutions (Editorial), Environmental Modelling and Software 56, 1-5 3 buildings," "smart grids," and "dematerialization" 2 (GeSI, 2008) . A recent update of the study titled "GeSI SMARTer 2020" extended this claim by estimating the greenhouse gas abatement potential of ICT to be "seven times the size of the ICT sector's direct emissions" (GeSI, 2012, 19 ).
We will take these studies as examples for discussing methodological challenges. Their focus on GHG emissions will not limit the scope of the discussion, as the arguments can be generalized to other aspects of environmental sustainability. Neither should our remarks be understood as specific criticism of the GeSI studies; all studies in this field face essentially the same challenges (see Erdmann and Hilty, 2010 , for a review of studies on ICT impacts on GHG emissions).
Like other studies in this field, the GeSI studies basically estimate two types of impacts of ICT:
• The direct impact throughout the life cycle of ICT components, for example, the emissions caused by producing them and supplying them with power;
• The indirect impact of ICT by providing functions, for example, the emissions avoided by using a smart solution to increase the energy efficiency of a particular production or consumption process (also called enabling impact).
These two impacts are then compared to find the net impact of ICT, which is the indirect impact (avoided emissions) minus the direct impact (ICT's own emissions). Proposals for more differentiated conceptual frameworks of ICT effects on sustainability are found in the literature (see Hilty and Lohmann, 2013 , for a bibliography). For the following discussion, it will be sufficient to note that the direct and indirect impacts are fundamentally different in nature:
• The direct impact is real because it occurs when ICT is produced, used, and disposed of, and the emissions caused by these activities can be measured (at least in principle, not always in practice);
• The indirect impact is hypothetical because is it occurs when an activity is avoided that would otherwise have taken place and caused emissions; as a matter of principle, the emissions of an avoided activity cannot be measured -only modeled.
For example, to ascertain the amount of emissions saved by videoconferencing equipment provided for virtual meetings, we could determine the direct impact by measuring the emissions arising from the production of the screens and cameras, the routers and switches etc. needed for the videoconference, and the emissions from providing them with electricity during use. The fundamental difference results in distinct methodological challenges for determining direct and indirect impacts, which will be discussed in the following.
For the direct impact, the challenges are those known in LCA methodology, in particular:
• Defining the system boundary, for example, whether or not end-user devices should be included in the system under study when assessing the energy consumed by the Internet.
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• Collecting life-cycle inventory data and judging its quality, for example, how to deal with data referring to older components in a world of rapid change; how to deal with average values for phenomena with high variance.
• Dealing with allocation issues, for example, how much of the life-cycle-wide emissions of an Internet router are to be allocated to one specific use.
When assessing indirect impact, one is also faced with these challenges (because the avoided activities must be treated with an LCA approach as well), plus some more fundamental ones, which are more difficult to handle:
• Defining the baseline, for example, the amount of passenger traffic that would be caused by people meeting for discussions if there were no further progress in technologies used for virtual meetings?
• Differentiating between potential and actual impact, for example, the extent to which smart meters with the potential to support energy saving in private households will actually change consumer behavior.
• Anticipating systemic effects, for example, the extent to which smarter traffic management, if successful in avoiding congestion, will attract more commuters to using private transportation, leading to additional emissions and new congestion?
We will briefly discuss the three fundamental challenges in the following subsections.
Defining the baseline
The challenge of defining the baseline is inherent to assessing indirect impacts because the concept of indirect impact is inevitably based on the concept of avoided burden. Defining the baseline is critical, in particular if future projections of complex socioeconomic developments are involved. If we assume, for example, that fossil energy will remain cheap and transport will continue to grow, the potential to avoid emissions through videoconferencing, smart logistics, and virtual goods will be much higher than in a world of high energy prices. In other words, the avoided burden can always be increased by defining a pessimistic baseline. The baseline may contain implicit assumptions having a large effect on the result, e.g., in a world of carbon-based electricity, a complex energy-saving light source has a much higher potential to avoid emissions than in a world of a cleaner electricity mix (Welz et al., 2010) .
A researcher choosing an inherently unsustainable baseline scenario acts like a doctor telling a patient that the medication will be most effective if his illness is most serious. This may be true, but not really helpful to the patient.
From a strictly empirical point of view, an indirect impact could only be determined in a controlled experiment comparing two cases that differ in the application of the technology under study, while keeping all other conditions equal. The case that does not receive the "treatment" by the technology corresponds to the baseline. However, since it is usually neither feasible nor desirable to conduct controlled experiments with large human populations, researchers use models instead. All published estimates of indirect effects are therefore, either explicitly or implicitly, model-based.
How has the problem of defining the baseline has been dealt with in studies on ICT effect on sustainability so far?
The GeSI study (GeSI, 2012) uses a BAU scenario prepared by the International Energy Agency (IEA) which quantifies the expected global increase in GHG emissions. Because it is unclear on which implicit assumptions about future ICT the IEA scenario is based, comparing the BAU and the "smart" scenario seems problematic. The authors admit this problem by stating: "The BAU case contains some intrinsic improvement in technology based on historic trends. This may overlap with some of the abatement potential identified in this report." (GeSI, 2012, 19) The study of the American Council for an Energy-Efficient Economy (ACEEE), published by Laitner et al. (2009) , used a method called "freezing" to create the baseline: "The ACEEE study first created a 'frozen efficiency' scenario to more clearly see how the next 2 decades might look if the United States were to rely on today's technologies and freeze its performance even as the country tried to grow the economy out to 2030." One of the study's conclusions was that "new investments in the semiconductor industry could result in a net 27% total energy savings by 2030." (Laitner 2010, 693) The same technique had already been used in one of the earlier studies on the impact of ICT on sustainability, commissioned by the Institute for Prospective Technological Studies (IPTS) in 2002 and published by Erdmann et al. (2004) and Hilty et al. (2006a) . The goal of the study was to explore the impacts of ICT on environmental sustainability in the European Union. Here, the baseline was defined by "freezing" the further development and diffusion of ICT at the level of the year 2000. Several socioeconomic developments from 2000 to 2020 were simulated, each of them in one variant with "frozen" ICT and one with the projected ICT development (for details see Hilty et al., 2004) . One of the conclusions of this study was that ICT has a high potential to save energy if used for smarter space heating in existing buildings. 
Differentiating between potential and actual impacts
The challenge of differentiating between potential and actual impacts is connected to the fact that a potential determined by a model may or may not materialize in a real-world situation.
For example, if a company provides a service to private households, making recommendations to replace household appliances by more energy-efficient ones based on identifying and monitoring the devices by a central smart meter (also called device footprinting), this application of smart metering may have a high energy-saving potential. In theory, the recommendations for replacing appliances could be independent of commercial interests and based on full LCA to provide an optimal solution. In practice, however, various reasons may be involved in narrowing the focus to use-phase electricity only: LCA data is not available, customers like buying new appliances, or the company providing the service is involved in selling appliances. Under these conditions, the theoretical potential may not materialize and the solution may even lead to increased energy consumption overall.
The basic problem behind this challenge is that there is no guarantee that the original goals a researcher or engineer associates with a given application of technology remain the same when this application is used in practice; as a consequence of this "goal displacement" (Hilty et al., 2006b ), the potential effects may not transform into actual ones.
Solving this methodological problem requires progress in understanding the incentive systems, economic mechanisms, and behaviors that drive the practical use of technology. In many cases, developing the incentive systems will be more important for realizing an intended impact than further developing the technology.
Anticipating systemic effects
The last challenge, anticipating systemic effects, has been widely discussed in terms of the "rebound effect." The rebound effect is a market reaction to an increase in efficiency: if a particular good or service can be produced with higher efficiency, i.e., more useful output can be generated per unit of input, the good or service may become cheaper or more convenient to use, which in turn can result in higher demand for that good or service, or for something else that becomes affordable due to the saved money or time. The rebound effect is one of the reasons why efficiency-based policies for energy saving have often failed in the past. This seems to be the case for the current EU policies as well: "The European target of cutting GHG emissions by 20% by 2020 has generated a substantial body of energy efficiency policies, but real-world observations indicate that energy savings realized in practice fall short of energy savings estimates [...] A partial explanation of this trend consists in what is called 'rebound effect' or 'take-back'. As an increased consumption of energy services following an improvement in the technical efficiency of delivering those services, the rebound effect highlights a variety of tensions between the pursuit of wellbeing and the need to remain within ecological limits." (Boulanger et al., 2013, 5) The authors of the GeSI studies point out the relevance of the rebound effect, but declare that they could not include it in their calculations: "In general, there are several cases in which efficiency brings about a net increase in total consumption, because if a unit of consumption delivers more utility, it becomes more desirable. 7 […]. That said, rebound effects are important, and it is important for policy makers, the ICT industry, and other stakeholders to consider these effects when designing policy and discussing the environmental impact of the industry." (GeSI, 2012, 54) Röpke and Christensen (2012) discuss the rebound effect with a focus on how ICT is integrated into everyday practices and how these technologies change our use of space and time.
There may be many systemic effects of ICT other than the market reactions to efficiency improvements called rebound effects: Long-term changes in practices of consumption and structures of production that may turn out to be positive or negative with regard to sustainability. Understanding systemic effects in this broader sense is an inherently interdisciplinary challenge, involving the issues of social practices and the interaction of technologies with ethical issues and societal risks as well (as discussed, for example, by Bohn et al., 2004; Som et al., 2009 ).
The need for integrated modelling and assessment
To conclude this section, we would like to point out that there is -unfortunately -no guarantee that a smarter solution is a more sustainable solution. Every proposed application of smart technologies has to be assessed for its implications for sustainability. There are only few examples of studies that have been devoted to assessing the sustainability of a particular smart solution so far, such as a study on intelligent transport systems (Kolosz et al., 2013) .
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There is no doubt that smart technologies have an unprecedented power to transform processes, which essentially comes from the ability of these technologies to provide processes with real-time data on the flow of energy, materials, and money. "These new technologies can result in a more flexible and efficient world than has ever existed, if we use them wisely." (Koomey et al., 2013, 336) .
How can we promote sustainable use of smart technologies? A major step would be a methodology of integrated assessment that would support decision-makers in assessing the sustainability of proposed smart solutions. Such a methodology should provide what Kelly et al. call a "holistic understanding" of the system processes and their interactions, which is based on models (Kelly et al., 2013) . Methods of integrated assessment are already established in policy-making (Ruddy and Hilty, 2008) and should be improved to systematically capture the transformations possible, both intended and unintended, by the use of smart technologies.
Research is needed in the following areas in order to make progress towards integrated assessment of smart technologies: 1. Best practices in applying LCA methodology in the field of ICT, including defining the system boundary, dealing with uncertainty due to incomplete or outdated inventory data, and selecting allocation schemes when assessing highly multifunctional products.
2. Best practices for modelling the baseline scenario in studies that investigate the relative effect of introducing new applications of ICT for both micro-and macro-level approaches.
3. Methodologies for integrated modelling of socioeconomic systems with a focus on how ICT interacts with everyday practices, in particular the use of space and time; such models are necessary for investigating the conditions under which potential indirect impacts materialize and for predicting systemic effects. The discussion of these methodologies can build on the work on Integrated Environmental Modelling (IEM), as documented in this journal (for example, Laniak et al., 2013) .
We hope that this thematic issue will contribute to closing these research gaps. Section 3 provides an overview of the papers related to direct ICT impacts in this issue, Section 4 of those related to indirect ICT impacts.
Modelling and evaluating direct impacts of ICT
One of the most pressing questions at the level of direct impacts is how the trend to cloud computing will influence the energy demand and the related GHG emissions of everyday ICT use. Williams et al. examine this question with a focus on business computing. Their model is focused on demonstrating the impact of the transition from traditional on-site computing to cloud computing and generates country-specific estimates of energy and GHG reductions.
The amount of electric power required by High Performance Computing (HPC) systems, which are the key technology for many computation-intensive applications, is increasing. Shoukourian et al. present a set of tools for collecting and evaluating data from HPC data centers that is needed for analyzing energy consumption.
In a smarter world, electronic media may replace print media to a large extent. LCA studies comparing the environmental impacts of print and electronic media face the difficulty of collecting Life Cycle Inventory (LCI) data for the ICT devices involved. Hischier et al. compare two LCA studies that were independently carried out to assess the environmental impacts of electronic versus print media. They show how differences in the results can be explained by differences in the methodological approaches used in Life Cycle Inventory (LCI) modelling.
Modelling and evaluating indirect impacts of ICT
Great hopes are placed in smart grids to allow for the integration of higher shares of distributed and renewable power generation without loss of security of supply. Niesse et al. present a process model for application-oriented research and development in ICT for power systems, including the evaluation of (distributed) control methods for smart grids with the simulation framework "mosaik". The vision of the smart city is often associated with sustainable lifestyles. Kramers et al. explore the opportunities of using ICT as an enabling technology for reducing energy demand in cities. They develop an analytical framework in which a typology of ICT opportunities is combined with a typology of (energy-demanding) household functions. The framework can be used by municipal administrations and ICT companies for identifying smart solutions with a potential for sustainable development in cities.
Fernandez et al. focus on a specific infrastructure intended for smart cities: automated vacuum waste collection using air suction in a closed network of underground pipes to transport waste from the drop-off points to a central collection point. They present a model and apply constraint programming techniques to schedule the daily emptying sequences of the drop-off points in such a way that energy consumption is minimized.
Garrido-Baserba et al. use a knowledge-based Decision Support System (DSS) to include LCA-based environmental criteria in the design of wastewater treatment plants. Their results demonstrate that combined LCA and DSS implementation is suitable for assessing plant designs during the decision-making process. This example shows how ICT can indirectly contribute to sustainable solutions by improving the consideration of environmental impacts in decision-making and design processes.
Kramers proposes a set of functional requirements for sustainability-oriented decision support in the domain of travel information. Nine existing travel information systems for multimodal and public transport travel are systematically investigated to determine whether they include the proposed functionality. The result is an identification of current systems' shortcomings and a proposal for new and enhanced functionality for next-generation travel information systems.
Stiel and Teuteberg present an approach for extending LCA methodology to assess the enabling effects of Information Systems (IS). The approach complements the physical flows assessed in LCA by information flows (measured in bits). The new conceptual structure is intended to model causal relations between information flow and environmental impact as they occur in dematerialization solutions, IS-based product and service bundles, as well as the interactions between social behavior and physical systems.
With a similar aim, but a different approach, Börjesson Rivera et al. discuss the role of indirect and systemic effects on the assessment of environmental impacts of ICT solutions. They present a review of the discussion of second-order effects (which they define as indirect effects, but excluding the replacement of activities by ICT) and a differentiated categorization of the effects in rematerialization and induction effects, direct rebound effects, indirect rebound effects, economy-wide rebound effects, time rebound and space rebound effects, learning effects and scale effects, changed practices, and transformational effects. The paper discusses the basic methodological approaches used to assess these effects.
Although this thematic issue can cover only a small part of what has been done and can be done in the field of modelling and evaluating the sustainability of smart solutions, we hope that this collection of papers will stimulate research and, in particular, interdisciplinary cooperation in this field.
